We describe the development of a method for the extraction and analysis of 62 sterols, oxysterols, and secosteroids from human plasma using a combination of high-performance liquid chromatography-mass spectrometry (HPLC-MS) and gas chromatography-mass spectrometry (GC-MS). Deuterated standards are added to 200 μL of human plasma. Bulk lipids are extracted with methanol:dichloromethane (MeOH:DCM), the sample is hydrolyzed using a novel procedure, and sterols and secosteroids are isolated using solid-phase extraction. Compounds are resolved on C 18 core-shell HPLC columns and by GC. Sterols and oxysterols are measured using triple quadrupole mass spectrometers and lathosterol is measured using GC-MS. Detection for each compound measured by HPLC-MS was ≤ 1ng/mL of plasma. Extraction efficiency was between 85 and 110%; day-to-day variability showed a relative standard error of <10%.
INTRODUCTION
Sterols play essential roles in the physiological processes of virtually all living organisms. Members of this lipid class are integral building blocks in the cellular membranes of animals and have important functions in signaling, regulation, and metabolism [1] . To date, the majority of studies have focused on cholesterol, the most abundant sterol in mammals that serves as both a precursor and product to a host of important molecules including steroid hormones, bile acids, oxysterols, and intermediates in the cholesterol biosynthetic pathway [2] [3] [4] . While cholesterol has gained significant notoriety due to the compound's negative impact on health, other sterols, such as plant-derived phytosterols, are thought to offer potential human health benefits by lowering circulating cholesterol levels [5, 6] .
Novel functions for sterols and secosteroids continue to be identified. For example, the cholesterol metabolites 25-hydroxycholesterol and 7α,25-dihydroxycholesterol have recently been shown to play important signaling roles in the immune system [7] [8] [9] . 24- hydroxycholesterol has been shown to be involved in cholesterol turnover in the brain which plays a role in memory [10] and glucose metabolism [11] . Alterations in vitamin D levels arising from the lack of sun exposure and/or use of sunscreen are postulated to have a negative impact on health [12, 13] . These findings together with the large number of sterols suggest that there may be undiscovered roles for sterols in biology and they highlight the need for continued research into the biochemical pathways associated with these compounds.
The extraction and analysis of sterols in human plasma presents a unique challenge due to their virtual insolubility, sequestration within lipoproteins, and dramatic differences in the levels by guest, on October 22, 2017 www.jlr.org Downloaded from of individual sterols. Cholesterol is the most abundant sterol, with circulating levels on the order of 1 to 3 mg/mL, whereas 25-hydroxycholesterol is a million-fold less abundant at 1-3 ng/mL [14, 15] . The circulating form of sterols in humans is primarily as steryl esters in which a fatty acid is esterified to carbon 3 of the sterol; however, a small variable percentage of free sterols also exist. Enzymatically formed oxysterols are typically between 59 to 91% esterified [15] . This duality poses additional analytical challenges as free versus esterified sterols must either be isolated or measured separately or steryl esters must first be converted to free sterols.
Other lipids, such as triglycerides, phospholipids, and sphingolipids that are present in the plasma at concentrations similar to cholesterol further confound the analysis of sterols.
Traditionally, the extraction of sterols has relied on two classic methods, the Bligh/Dyer or Folch extraction methods [16, 17] . Both make use of a mixture of chloroform and methanol to simultaneously disrupt lipoproteins and solubilize lipids. An alkaline hydrolysis step is employed to cleave sterol-fatty acid conjugates; a strong base in alcohol is added to the extract, which is then often incubated at room temperature, or elevated temperature (60 -100 °C) for 1-2 hours [18] [19] [20] . Hydrolysis also serves to degrade other abundant lipid classes such as triglycerides and phospholipids, which reduces sample complexity. Alternatively, if the goal is to measure only free, unesterified sterols, the alkaline hydrolysis step is eliminated. Lastly, solid phase extraction (SPE) is utilized to isolate sterols from other components. Ideally, cholesterol could be isolated from the sample as it would simplify subsequent instrumental analysis of other less abundant sterol species; however, SPE does not yet have the inherent resolution or reproducibility to quantitatively isolate cholesterol from all other sterols [18, 21] . Although many variations of these extraction procedures have been reported in the literature, the fundamental steps of the various methods are the same.
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Instrumental analysis of sterols and related compounds in plasma has typically focused on either a single analyte or a limited group of analytes. Historically, these methods have employed GC and GC-MS for the analysis of select sterols [18, 22, 23] . GC and GC-MS have limitations with regard to sample composition, injection volume, sensitivity, and mass spectral scanning functions. Despite these limitations, GC and GC-MS are still widely used for sterol analysis due to their chromatographic resolving capacity, ease of use, and relative low cost of the acquisition and operation of the instruments.
Recently, methods have been developed for sterol analysis using LC-MS [24] [25] [26] . Like GC and GC-MS, these methods are typically optimized for the detection of one or two analytes.
In 2007, our laboratory described a method for analyzing a diverse group of sterols and oxysterols using LC-MS [21] . The method was optimized for detection of 12 common sterols and oxysterols in a single extraction. Since then, high performance liquid chromatography (HPLC) has become more widely used in the analysis of sterols and is often coupled to triple quadrupole mass spectrometers for quantitative analysis to enhance sensitivity and selectivity.
Similarly, improvements in ionization and ion transfer into the mass spectrometer have enhanced the ability to measure low-level metabolites in biological systems.
Here we report a method for the quantitative analysis of sterols, oxysterols, and secosteroids in plasma. Using a streamlined extraction procedure and a combination of LC-MS containing the initial sample. To maximize extraction efficiency, the same pipette was used for each liquid-liquid step and the pipette was placed into a separate glass culture tube between steps. Hydrolyzed samples were then dried under N 2 using a 27-port drying manifold (Pierce;
Fisher Scientific, Fair Lawn, NJ).
Sterols and secosteroids were isolated using 200 mg, 3-mL aminopropyl solid-phase extraction columns (Biotage; Charlotte, NC). The column was rinsed and conditioned with 2 × 3 mL of hexane. The extracted and dried plasma sample was dissolved in approximately 1 mL of hexane and gently swirled for several seconds. The sample (and any insoluble material) was then transferred to the SPE column using a 6" Pasteur pipette and eluted to waste. The extract tube was rinsed with 1 mL of hexane, gently swirled, and this rinse transferred to the column and eluted to waste. Again, to minimize sample loss, the same Pasteur pipette was used at each step.
Following the addition of sample, the column was rinsed with 1 mL of hexane to elute non-polar After injection of 30 uL of extract, the gradient was started at 0% B and ramped to 100% B over 7 min, held at 100% B for 3 min, and returned to 0% B for a 2 min equilibration. The flow rate was 0.5 mL/min and the column was maintained at 18 °C.
Sterols were analyzed using a binary Shimadzu LC-10ADvp system with a column oven and CTC LC PAL autosampler (Leap Technologies, Carrboro, NC) coupled to an AB Sciex 4000
QTrap mass spectrometer equipped with a Turbo V APCI source. Sterols were resolved with a two-step isocratic elution using a Poroshell 120 SB-C18 HPLC column (150 x 2.1 mm, 2. Table 1 .
The 22 sterol and sterol-derived compounds routinely detected in plasma by this method are either resolved, or have unique masses that allow them to be uniquely identified by mass spectrometry. Sterols are labeled with capital letters and correspond to labels given in Table 1 .
Sterols elute between 6.5 and 11.5 min from the HPLC columns. Less polar compounds such as zymosterol and desmosterol elute early (D, E), and methylated sterols such as sitosterol and 24,25-dihydrolanosterol elute later in the chromatogram (T,U). Use of the core-shell HPLC column resulted in chromatographic peak widths on the order of 6-8 sec at full width-half maximum (FWHM). Figure 2E depicts the resolution of lathosterol and cholesterol (L and M), respectively by GC-MS; however, in a plasma extract the physiological levels of cholesterol overwhelm the lathosterol signal causing inadequate resolution ( Figure 2F ). In order to maintain a common scale, the cholesterol signal in Figure 2B is plotted at 0.1× scale. The split peak shown in Figure 2B is not an unresolved lathosterol and cholesterol signal but rather the result of the extreme abundance of cholesterol causing splitting and overload of the HPLC column.
Oxysterols elute between 1.5 to 7.5 min in three general groups as shown in Figure 2C and 2D. The use of core-shell HPLC columns yielded chromatographic peak widths on the order The known enzymatically formed oxysterols are resolved from other isobaric species with several exceptions, the first being the separation of 7 α -and 7 β -hydroxycholesterol.
Previous work has shown that 7 β -hydroxycholesterol is present in human plasma at approximately 10% of the level of 7α-hydroxycholesterol [14] . While the two compounds can be resolved by GC-MS, we were not able to resolve them with the HPLC parameters described here; therefore, the values for 7α-hydroxycholesterol include any 7β-hydroxycholesterol present in the sample. The second set of co-eluting compounds of biological importance are 8, (14) Due to the similar structures of lathosterol (J) and cholesterol (Δ 7,8 versus Δ 5, 6 ) and considerably disparate concentration levels (cholesterol is 1000× more abundant), the HPLC method used to resolve sterols does not sufficiently separate lathosterol from cholesterol;
however, the GC-MS method described herein is able to resolve lathosterol from cholesterol ( Figure 2E and 2F) . Separation is accomplished through the use of hydrogen as a carrier gas in conjunction with a very high resolving column. A chromatographic signal for lathosterol is produced with a peak width of 2 sec at FWHM. QA/QC. The recovery of sterols, oxysterols, and secosteroids from the solvent spike QC sample showed that for the 10 oxysterols reported in To better assess the recovery of sterols from a plasma sample, we added one deuterated internal standard to the autosampler vial prior to transferring the final extract. This addition allowed the recovery of deuterated surrogates in each sample to be determined. We quantified the recovery of four representative compounds that cover the range of oxysterols analyzed. The recovery for (d6) 1,25-hydroxyvitamin D 3 , (d6) 27-hydroxycholesterol, (d6) 7 α -hydroxycholesterol, and (d6) 4β-hydroxycholesterol ranged from 87.9 to 100.8% (Table 2B) .
These values, combined with solvent spike recoveries, show that this extraction procedure is both thorough and robust with excellent recovery values. Additionally, the final dissolution of the purified dried extract is done in a single step with no additional rinsing. A second rinse step would cause undesired dilution of the final extract.
With each batch of 50 samples extracted, an aliquot of a commercially obtained, pooled plasma sample was analyzed to monitor and evaluate day-to-day variation in measurements. As seen in Table 2A , reproducibility was excellent across extractions done on six different days.
The relative standard errors (RSE) for oxysterols ranged between 1.4 to 10.6 for known enzymatically formed oxysterols with higher RSE's of 13.5% and 18.3% for two compounds that are potentially formed through oxidation and may be partially degraded during base hydrolysis, 24-, and 7-oxocholesterol. The RSE's for sterols in pooled plasma have less variability and ranged between 0.6 and 3.9%; however, all sterols reported here are enzymatically formed and none are oxidation products or known to be susceptible to base hydrolysis. Included in Table 2A are data from analysis of the NIST human plasma standard reference material (SRM) for use as a reference [15] , and for comparison against the commercially obtained pooled plasma used in this study.
The solvent blank that was included with each batch of 50 samples did not show a response for any compound measured here. Therefore, there was no evidence of carryover, cross-contamination, or isobaric interferences originating from the sample extraction.
The instrument detection limit (IDL) was estimated at ≤ 50 pg on-column for each compound. The method detection limit (MDL) for each compound was estimated at ≤ 1 ng/mL.
Detector response was linear over at least four orders of magnitude from the instrument detection limit.
Results from Cooper Institute Cohort.
Quantitative results for a representative set of sterols from 200 human plasma samples are shown in Table 2A . The data include average, median, standard deviation, and range of concentrations measured. For reference and comparison, the results from the commercially obtained pooled plasma used as a QA/QC sample and the results from the previously analyzed NIST SRM plasma are included [15] . Lastly, the solvent spike recovery value is provided showing one metric of our quality control scheme. In Table 2B , the recoveries of four representative deuterated oxysterol standards are shown. In contrast, the NIST SRM plasma was designed specifically to be representative of the broader US population in age, gender, and ethnicity. The only sample that was not well defined in terms of population was the commercially purchased pooled plasma, which was collected from anonymous donors. The only defined parameter for this sample is the age of the donors, ranging from 18 to 65 years of age. Though the populations showed differences in the measured values for some compounds, such as cholesterol and 7α-hydroxycholesterol (158.7 ng/mL for the Cooper samples, 91.8 ng/mL for the NIST SRM, and 56.9 ng/mL for the pooled plasma), most compounds were present in comparable levels (Table 2A) . For example, desmosterol levels were 713.4 ng/mL in the Cooper samples, 623.0 ng/mL in the pooled plasma, and 722.2 ng/mL in the NIST SRM. The variation observed between these samples may be attributable to population differences such as the geographic region from which the pools were collected or the diet, age, gender, and/or ethnicity of the subjects.
Knowing the potential variability of sterol levels in different human populations provides an illustration in the nuances of comparing published values in the literature. Clearly the composition of the population can and will play a role in the measured levels of various compounds. This being written, the values we report for the Cooper Institute cohort compare favorably with other values in the literature [27] , with the understanding that there can be variation between populations.
The diversity of sterols and secosteroids analyzed using these methods does come with some compromises. The liquid chromatography methods described here are not able to resolve all stereoisomers (e.g., 7α-and 7β-hydroxycholesterol; 4α-and 4β-hydroxycholesterol), thus the values we report for these sterols in the Cooper Institute cohort include both isomers for each respective pair. Furthermore, while reasonable steps are taken to reduce non-enzymatic oxidation of sterols during isolation, we cannot rule out that at least some of the sterols measured here represent non-specific oxidation products. A case in point is 7-oxocholesterol, which is readily detected but of unknown origin. It is likely that more aggressive measures such as the removal of cholesterol would mitigate the formation of oxidation products such as this oxosterol;
however, the present method was developed to allow relative comparisons in sterol levels between subjects in large human cohorts. Because all samples were extracted with the same procedure, a relative analysis within the cohort is valid. The absolute value of each compound is reflective of the methods described here. Comparison of mean values for the Cooper Institute cohort to other cohort values that were obtained using different methods of extraction and analysis must be interpreted with care, especially for unresolved isomers and known oxidation products.
Future Directions
While the HPLC methods described here are satisfactory for analyzing a wide range of sterols, oxysterols, and secosteroids, we believe further modifications to the methods may provide increased resolution and efficiency. For example, the dihydroxysterols (e.g., 7α,27-dihydroxycholesterol) and similar compounds are too polar for optimal elution and separation with the methods described here. The starting mobile phase of 70% ACN elutes this group of oxsterols early (around 2 min). Some of the chromatographic signals are broader than those for ring-structure and side-chain oxysterols and some show tailing. To further optimize chromatographic conditions to resolve these polar sterols, we plan on testing more aqueous mobile phases such as those containing 50-60% ACN. The opposite problem is seen with respect to the sterol HPLC program. These compounds, especially the methylated, saturated sterols like 24,25-dihydrolanosterol are highly retained at even 100% MeOH. The shallow two step isocratic gradient (96% MeOH, 100% MeOH) used here is not optimal and employing a gradient elution may increase resolution and efficiency of separation. We will further attempt to develop an HPLC program that makes use of a less retentive C8 column that may be more appropriate for sterol separation.
As we have discussed here, sterols are neutral molecules and therefore not well suited for ionization with ESI, although APCI yields sufficient sensitivity to measure physiological levels of sterols. Furthermore, the multi-ring structure of sterols does yield unique or useful fragment ions with CID. Recently, several groups have investigated derivatization schemes that "chargetag" sterols resulting in increases in ionization efficiency and or unique fragments obtained with CID [28] [29] [30] [31] . Despite the added steps required to perform this derivatization, the benefits of charge tagging are substantial and worth an increased effort in select situations. We plan to evaluate charge tagging schemes to determine their suitability for the analysis of the broad set of sterols, oxysterols, and secosteroids we measure here. by guest, on October 22, 2017 www.jlr.org Table 1 . List of sterols, oxysterols, and secosteroids measured using this method. LIPID MAPS numbers can be used to access additional information at lipidmaps.org. The alphabetical identifier corresponds to the chromatographs in Figure 1 . by guest, on October 22, 2017 www.jlr.org 
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